Sinden and Hauser (14) coined the name LaFrance disease to describe a serious malady of the cultivated mushroom Agaricus bisporus. The name LaFrance disease is used collectively to describe several symptom syndromes all of which are associated with the presence of one or more morphologically distinct virus particles (9, 10) . Symptoms attributed to viral infection include degeneration and death of mycelium, deformed sporophores, water soaking or drying of sporophore tissue, premature opening of the veil, and a reduced yield (8) .
Hollings et al. (8) were the first to propose a viral etiology for LaFrance disease based on the observation of 25-and 29-nm spherical particles and a bacilliform particle (19 by 50 nm) in affected sporophores. Spherical virus particles with diameters of 19, 35, and 50 nm also have been detected in symptomatic sporophores (7, 13) . The recently disclosed variation in the double-stranded RNA (dsRNA) pattern among isolates of A. bisporus affected with LaFrance disease supports the involvement of multiple viruses or virus genotypes in the etiology of the disease (17) .
Although the A. bisporus viruses were discovered over 20 years ago, little attention has been focused on their biochemical characterization. In this study, we characterized an RNA-dependent RNA polymerase activity present in a virus-enriched fraction from diseased sporophores with respect to the requirements for catalysis, the nature of the RNA products, and association with a 35-nm spherical virus.
MATERIALS AND METHODS
Source of tissue. Sporophores of an off-white variety of A. bisporus were used as the source of tissue for virus purification. Sporophores were collected at commercial farms, frozen in liquid nitrogen, and stored at -20°C.
Virus purification. Partial purification of virus was done by the method of Tavantzis et al. (15) . All steps were carried out at 4°C or in an ice bath. Sporophore tissue was homogenized * Corresponding author. in a Waring blender for 2 min with 0.05 M sodium phosphate buffer (pH 6.0) containing 0.2% 2-mercaptoethanol (3 ml/g of tissue). The homogenate was centrifuged at 6,000 x g for 20 min, and the supernatant was collected and adjusted to 10% polyethylene glycol (molecular weight, 8,000) and 0.6 M NaCl. The mixture was stirred for 2.5 h, and the precipitate that formed was collected by centrifugation at 6,000 x g for 20 min and suspended overnight in phosphate buffer (1 ml/g of tissue). The suspended pellet was clarified by centrifugation at 6,000 x g for 20 min and centrifuged at 122,000 x g for 3.5 h. The resulting pellets were resuspended overnight in phosphate buffer (0.02 ml/g of tissue) and then clarified at 6,000 x g for 10 min.
Where indicated, the virus was purified further by isopycnic centrifugation through Cs2SO4 gradients. Samples (1 ml) of virus-enriched fraction were layered onto 10 to 50% (wt/wt) Cs2SO4 gradients that were prepared in phosphate buffer and centrifuged at 66,000 x g for 18 h. The gradients were fractionated into 3-ml fractions with an ISCO density gradient fractionator equipped with a UV analyzer. The fractions were dialyzed overnight against phosphate buffer and centrifuged at 122,000 x g for 3.5 h. The resulting pellet from each fraction was resuspended in 100 ,u of phosphate buffer.
Electron microscopy. 2.3-cm circular Whatman 3MM filter paper disks. The filters were washed in batches (10 times, 10 min each) in cold 5% trichloroacetic acid (5 ml per filter) containing 0.01% sodium PP, and 0.02% uracil followed by washings of 2 min each in 95% ethanol, 95% ethanol-ether (1:1, vol/vol), and ether. Filters were air dried and heated at 54°C for 20 min in capped scintillation vials with 0.2 ml of a 90% aqueous solution of NCS tissue solubilizer. A 10-ml portion of 1,4-bis(5-phenyloxazolyl)benzene (POPOP) and 2,5-diphenyloxazole (PPO) toluene-based scintillation fluid was added to each vial, and radioactivity was determined by using a liquid scintillation counter.
Extraction of the polymerase reaction products. The procedure of Bruening et al. (5) was used. A scaled-up standard polymerase reaction mixture (2 to 4 ml) was diluted to 4 to 8 mg of protein per ml with 10 mM EDTA, pH 7.2, and adjusted to 0.5% sodium dodecyl sulfate by the addition of a 10% solution. The mixture was incubated at 70°C for 1 min and then placed immediately in an ice bath. After the mixture was stirred briefly with a glass rod, a 1/20 volume of 0.4 M Tris-0.04 M glacial acetic acid (pH 9.0) and an 8/10 volume of phenol saturated with 0.1 M Tris-0.01 M glacial acetic acid (pH 9.0) were added. The mixture was agitated on a vortex mixer for 2 min, and the phases were separated by centrifugation at 10,000 x g for 10 min. The upper aqueous phase was retrieved, and 2. Fluorographic analysis. The fluorographic protocol described by Bonner and Laskey (4) was used to detect the 3H-labeled products in 3% polyacrylamide gels. Immediately after electrophoresis, each gel was soaked for 60 min in dimethyl sulfoxide, with one change of the dimethyl sulfoxide after 30 min, and for 3 h in a solution of 17 g of PPO in 80 ml of dimethyl sulfoxide. The PPO-impregnated gel was soaked for 1 h in an aqueous solution of 7% glacial acetic acid and 1% glycerol and dried on Whatman 3MM filter paper under vacuum for 45 min. The dried gel was exposed virus-enriched fraction were layered onto 10 to 50% Cs2SO4 gradients and centrifuged at 66,000 x g for 18 h. The gradients were fractionated into 3-ml fractions. Each fraction was dialyzed and was centrifuged at 122,000 x g for 3.5 h. The resulting pellet from each fraction was resuspended in 100 ,ul of phosphate buffer, and a 50-,ul sample was assayed for RNA polymerase activity. T and B represent the top and bottom of the gradient, respectively.
to Kodak X-Omat AR film at -70°C with an intensifying screen.
Solid support hybridization. RNA hybridization on nitrocellulose filters was conducted by the method of Thomas (16) . dsRNA samples were heat denatured at 100°C for 5 min, quick-cooled, and spotted onto the salt-saturated nitrocellulose filters. The filters were baked under vacuum at 80°C for 2 h. Prehybridization was carried out by placing the filters in sealed plastic bags at 42°C for 4 to 6 h in a prehybridization solution (0.2 ml/cm2). After prehybridization, 3H-labeled polymerase reaction products were heat denatured as described above, added to the prehybridization solution, and allowed to hybridize at 42°C overnight. After hybridization was complete, the filters were washed at 68°C for 15 min in 2 x SSC containing 0.01% sodium dodecyl sulfate (once) and in lx SSC containing 0.01% sodium dodecyl sulfate (twice), air dried, treated with En3Hance spray (New England Nuclear Corp.), and exposed to Kodak X-Omat AR film at -70°C with an intensifying screen. min and reached a plateau after 120 min (Fig. 1) . Assuming that the product contained 25% UMP, the level of incorporation after 120 min corresponded to 0.068 nmol of RNA synthesized per ,ug of dsRNA template.
RESULTS AND DISCUSSION
The virus-fraction-associated enzyme activity was dependent on the presence of the four ribonucleoside triphosphates, Mg2+, and virus ( actinomycin D, a-amanitin, and rifampin. These observations indicate that microbial contamination was not responsible for the enzymatic activity and that the virus-fractionassociated enzyme has an RNA-dependent RNA polymerase activity.
The effect of pH on the polymerase reaction was determined with Tris hydrochloride buffer. The optimum pH for the polymerase activity was 7.5. This corresponds to the optimum pH for the RNA-dependent RNA polymerase activity of a Saccharomyces cerevisiae virus (18 RNA polymerase activity of Ustilago maydis virus (2), a 15 mM Mg2+ concentration was optimal for the polymerase activity of the A. bisporus virus fraction. The optimum temperature for the polymerase reaction was 30°C; this agrees with the observed optimum temperatures for cytoplasmic polyhedrosis virus (11) and wound tumor virus (3) polymerases. The Michaelis constants (Kms) for UTP and S-adenosylmethionine were 2.14 x 10-6 and 2.22 x 10-6 M, respectively.
Association of polymerase activity with virus particles. Isopycnic centrifugation of the virus-enriched fraction through 10 to 50% Cs2SO4 gradients resolved a single peak of RNA polymerase activity in fractions 5 and 6 (Fig. 2) . Analysis of the fractions throughout the gradient by electron microscopy revealed that 35-nm spherical virus particles (Fig. 3) banded with the peak of polymerase activity. These particles contained two genomic dsRNA species with molecular weights of 4.3 x 106 and 1.4 x 106 as determined by gel electrophoresis and ethidium bromide staining (Fig. 4) Nature of the polymerase reaction products. To determine whether the polymerase reaction products were ssRNA transcripts or genomic dsRNA, the phenol-extracted products were chromatographed on a CF-11 cellulose column to resolve ssRNA and dsRNA molecules. More than 95% of the synthesized RNA eluted in STE buffer as dsRNA, and the remainder eluted as ssRNA (Fig. 5) . The double-stranded nature of the RNA products was confirmed by their resistance to hydrolysis by RNase A in 2 x SSC but not in 0.01 x SSC or after thermal denaturation ( Table 2 ). The RNA which eluted with STE/15 buffer was hydrolyzed by RNase A in 2 x SSC and in 0.01 x SSC, confirming its single-stranded nature.
Fluorographic analysis showed that the principal 3H-labeled polymerase reaction products were two dsRNA species with molecular weights of 4.3 x 106 and 1.4 x 106 (Fig. 6, lane 1) . The dsRNA products corresponded in size to the genomic dsRNAs detected in the virus-enriched fraction by ethidium bromide staining (Fig. 6, lane 2) and in the 35-nm spherical virus after equilibrium centrifugation (Fig.  4) . These dsRNAs were not detected in comparable preparations from healthy sporophores.
The sequence homology between the 3H-labeled dsRNA polymerase reaction products and the genomic dsRNAs was confirmed by solid support hybridization (Fig. 7) . The fact that the 3H-labeled dsRNA products hybridized to unlabeled dsRNAs in the virus fraction from diseased sporophores and not to a comparable preparation from healthy sporophores indicates that the dsRNA products of the enzyme reaction share nucleotide sequences with the viral genomic dsRNA and not with cellular nucleic acids.
We have shown that a 35-nm spherical virus in A. bisporus possesses a virion-associated RNA polymerase which could be construed as the viral replicase because it catalyzes the in vitro synthesis of genomic dsRNA. Thus, the polymerase is functionally similar to that of Penicillium stoloniferum virus S (6) but is distinct from the polymerases of Phialophora virus A (12), U. maydis virus (2), and S. cerevisiae virus (18) , which were characterized as transcriptases engaged in the catalysis of full-length ssRNA transcripts of the dsRNA genome. The RNA polymerase activity expressed in vitro under specific conditions presumably reflects only one aspect of the replication cycle of each of these viruses since both ssRNA and dsRNA must be synthesized in vivo. Admittedly, we cannot discount the possibility that virions of the A. bisporus virus also contain a transcriptase activity which was undetected in our study because of the degradation of ssRNA transcripts by an endogenous RNase activity. However, we observed that the addition of 10 ,ug of RNase A per ml to the incubation mixture at the initiation of the enzyme reaction had no effect on the incorporation of [3H]UMP (data not shown). This could indicate that the enzyme-template complex within the virion is inaccessible to the RNase.
The work described herein constitutes the most descriptive biochemical characterization of a 35-nm spherical virus infecting A. bisporus; it is one of several viruses implicated as a causal agent of LaFrance disease (13) . Barton and Hollings (1) isolated a 35-nm spherical virus which contained two dsRNAs with molecular weights of 1.4 x 106 and 1.5 x 106. It is reasonable to conclude that this virus and the one described in this paper are different, considering the large discrepancy in the sizes of the genomes. The presence of morphologically identical but nevertheless distinct viruses in A. bisporus underscores the importance of biochemical studies of the viruses to the understanding of the etiology of LaFrance disease.
